Soil organic matter interactions with minerals are a key determinant in the long-term protection and sequestration of carbon in soils and sediments. Climate warming could potentially alter the dynamics of the Earth's largest carbon pools through processes controlling the formation of mineral-organic associations (MOAs). We studied the adsorption of Elliott soil humic acid (HA) and fulvic acid (FA) to the iron oxide mineral haematite ( -Fe 2 O 3 ) at temperatures from 15 to 35 ∘ C through batch sorption experiments. The ΔG ∘ , ΔH ∘ and ΔS ∘ of sorption were derived for HA and FA and suggested that formation of MOAs was spontaneous and exothermic. The Langmuir sorption coefficients for HA and FA decreased with warming, but the maximum sorption capacities were not temperature dependent. The decrease in sorption coefficient was less when the temperature was increased from 30 to 35 ∘ C than from 15 to 30 ∘ C. Our infrared, ultraviolet and visible spectroscopy analysis of the bound and unbound HA and FA revealed preferential adsorption of oxygen-and hydrogen-substituted aromatic and aliphatic carbon, which was independent of temperature. The adsorption of a hydrophobic probe molecule, Rose Bengal, to haematite increased with warming. Our results suggest that (i) MOAs in warmer climates might be less sensitive to temperature changes, (ii) the amount of iron oxide-associated organic matter might remain unchanged with warming and (iii) hydrophobic interactions with iron oxides may be temperature dependent.
Introduction
The preservation of soil organic matter (SOM) is an important control on the global-scale cycling of carbon (C) and nitrogen (e.g. Sollins et al., 1996) . One mechanism for the preservation of SOM is through the formation of mineral-organic associations (MOAs). Mineral surfaces have been found to protect SOM from decomposition and can extend the residence time of SOM from days to millennia (e.g. Keil et al., 1994; Schimel et al., 1994; Kaiser & Guggenberger, 2003) . The stability of SOM has been the focus of many short-and long-term temperature studies to understand the effects of warming on future C dynamics (e.g. Conant et al. , Table 1 The temperature effects on the adsorption-desorption equilibrium and kinetics of organic compounds summarized in ten Hulscher & Cornelissen (1996) and Conant et al. (2011) Solubility ↑T = ↑ Solubility (most compounds) Steric effects ↑T = ↓ Solute rigidity = ↑ Diffusion C g −1 oxide or 1.5-1.9 mg organic C m −2 (Tipping, 1981; Kaiser, 2003; Kaiser & Guggenberger, 2007) . Haematite, one of the most common iron oxides in soil, has a strong affinity for organic C and almost irreversible interactions with SOM (Gu et al., 1994 (Gu et al., , 1995 . Collectively, the iron oxides have been estimated to be bound directly to ∼ 21.5% of organic C in marine sediments (Lalonde et al., 2012) , forming a 'rusty C sink'. The importance of iron in the protection of organic C has been established in soils (e.g. Kaiser & Guggenberger, 2000; Wagai & Mayer, 2007) and sediments (e.g. Lalonde et al., 2012) , but important questions remain regarding the effects of changes in climate, such as warming, on the tightly coupled biogeochemical cycling of iron and C.
The theoretical and experimental effects of warming on the sorption kinetics and equilibrium of organic micropollutants were first summarized by ten Hulscher & Cornelissen (1996) and were later used by Conant et al. (2011) to derive a conceptual framework for identifying processes that control SOM stability. The authors categorized the binding of sorbate to sorbent into highand low-affinity reactions (Table 1) . High-affinity interactions (i.e. fast reactions) are regulated by thermodynamics and can experience decreases, increases or no change in sorption with warming, depending on the primary mechanisms (ten Hulscher & Cornelissen, 1996) . Enthalpy-driven, high-affinity interactions can be viewed from a reversible equilibrium perspective and their temperature sensitivity can be understood through Le Chatelier's principle (Equation (1)). For exothermic reactions, an increase in temperature shifts the equilibrium constant (K) towards the SOM and minerals (i.e. desorption). For endothermic reactions, an increase in temperature shifts K towards the MOAs (i.e. adsorption). The relation between sorption coefficient (K) and temperature can be observed in Equation (2), where K is the sorption coefficient, ΔH ∘ is the change in enthalpy in J mol −1 , ΔS ∘ is the change in entropy in J mol −1 , R is the gas constant 8.314 J mol −1 K −1 and T is temperature in Kelvin. In an exothermic process, ΔH ∘ is negative, therefore increasing T will decrease K. Because adsorption is generally an exothermic process, sorption through van der Waals forces, hydrogen bonding, dipole-dipole interactions or, in a few cases, covalent bonding is expected to decrease as a function of temperature (ten Hulscher & Cornelissen, 1996) :
where
(1)
High-affinity sorption can also result in increases or no change in sorption (Table 1) . Although enthalpy-driven covalent bonding can decrease with warming, it is generally not expected to change as a function of temperature because the bonds are almost irreversible in short time frames (Conant et al., 2011) . Similarly, enthalpy-driven ligand exchange reactions can decrease with warming, but because of the decrease in their relatively large activation energies, warming could increase ligand exchange-driven sorption (Conant et al., 2011) . For the entropy-driven hydrophobic interaction, there were no strong trends reported with temperature, which was attributed to ΔH ∘ nearing zero (ten Hulscher & Cornelissen, 1996) . It is worth noting that ten Hulscher & Cornelissen (1996) averaged the ΔH ∘ values for several organic micropollutants and that the reported values ranged from −25 to +28 kJ mol −1 . The wide range in ΔH ∘ values might suggest that hydrophobic interactions can be temperature sensitive and compound specific. In fact, in a study characterizing the adsorption of hydrophobic and hydrophilic micropollutants on to activated C, Nam et al. (2014) reported an increase in adsorption of hydrophobic compounds at higher temperatures. The role of hydrophobic interactions in a warming climate might be underestimated based on previous assumptions. Low-affinity interactions (i.e. slow reactions) regulated by diffusion are expected to increase with warming (Table 1) . The temperature sensitivity of diffusion is described by the Stokes-Einstein equation (Equation (3)), where D is the diffusion coefficient, k B is the Boltzmann constant, T is temperature, is the dynamic viscosity and r is the radius of a spherical particle. In this relation, T is directly proportional to D, causing an increase in the diffusion of a sorbate with temperature. Diffusion is also expected to increase because of reduced sorbate rigidity (i.e. steric effects) at higher temperatures (ten Hulscher & Cornelissen, 1996) . In addition to faster diffusion, the desorption of high-affinity sites at higher temperatures can lead to unoccupied surface sites for the adsorption of low-affinity reactions, increasing the contribution of low-affinity interactions to net sorption.
The magnitude and sign of the contributing high-and low-affinity interactions ultimately determine the net effect of temperature on sorption. ten Hulscher & Cornelissen (1996) suggested that net sorption is almost independent of temperature for reactions with short equilibration times (minutes to hours), because low-affinity responses to warming cancel out the high-affinity responses. Complex heterogeneous mixtures such as humic substances (the primary component of SOM) warrant further investigation to determine the temperature dependence of MOAs.
Haematite-SOM interactions provide a relevant system for the study of temperature-dependent sorption because (i) the primary mechanisms of interactions are known, (ii) equilibration time is considered short (∼ 18 hours) and (iii) previous studies have found that the amount of C lost during desorption may be minimal (Gu et al., 1994 (Gu et al., , 1995 . In their studies, Gu et al. (1994 Gu et al. ( , 1995 described the sorption of natural organic matter on to haematite as a function of pH. In this study, we focused on the role of temperature in the sorption isotherms of haematite and SOM. We hypothesized that haematite will exhibit (i) a decrease in K with warming because of the exothermic behaviour of adsorption and (ii) no relation between the maximum sorption capacities (Q max ) and warming because low-affinity responses to warming are expected to cancel out the high-affinity responses. Deviations from our hypotheses might suggest the effect of forces that have been underestimated, such as the temperature sensitivity of hydrophobic interactions.
We addressed two questions: (i) How does temperature affect the formation of mineral-organic associations, specifically the effects of temperature on the adsorption and desorption of humic substances to and from haematite? (ii) What are the specific interactions responsible for the changes in MOAs? We carried out a series of batch sorption experiments at five temperatures to simulate the interactions between soil humic and fulvic acids and haematite. Total organic carbon analysis was performed on the aqueous supernatant to determine the extents of adsorption and desorption. Characterization of the SOM was carried out through infrared and UV-vis spectroscopy. A sorption study of a hydrophobic model compound was conducted to determine the sensitivity of hydrophobic interactions to temperature. From these data, we provide insight into changes in MOAs with warming.
Materials and methods

Preparation of haematite and humic and fulvic acids
Commercial-grade haematite (Sigma Aldrich, Saint Louis, MO, USA), ≥ 99% -Fe 2 O 3 , 5.5 m 2 g −1 BET surface area, particle size < 5 μm, was used without further purification. A suspension of haematite was made with ultrapure water (Milli-Q™), stored in the dark and stirred before each experiment. Elliott Soil humic acid (HA) and fulvic acid (FA) standards (International Humic Substances Society) were dissolved in ultrapure water (18 MΩ), stored in the dark for 48 hours at 4 ∘ C, filtered through a 0.200-μm nylon membrane (Whatman) and analysed for C content on a Shimadzu TOCV (Kyoto, Japan). Prior to each experiment, the stock solutions were poured into clean beakers, covered and warmed or cooled to the desired temperature.
Adsorption and desorption experiments
The adsorption of HA and FA to haematite was carried out in a similar way to that described by Gu et al. (1994) . While being stirred, the haematite suspension, SOM solutions and ultrapure water were pipetted into amber glass vials to achieve a final volume of 30 ml. The final concentration of haematite in solution was 2 g l −1 , and the concentrations of HA and FA ranged from 0 to 45 mg C l −1 . The ionic strength of the final suspension was adjusted to 10 mm NaCl. The pH was adjusted using 0.1 m HCl and NaOH to ∼ 5 using an Orion (Model A211, Waltham, MA, USA) pH meter and remained within 0.15 of the initial value throughout the experiment. Haematite is positively charged at pH 5 (Hesleitner et al., 1987) , which creates a favourable condition for the adsorption of the negatively charged SOM and enables the detection of subtle changes in sorption capacity as a function of temperature. The suspensions, together with the controls for haematite and SOM, were shaken and incubated at 15, 20, 25, 30 and 35 ±0.1 ∘ C for ∼ 24 hours to allow equilibration (Gu et al., 1994) . After ∼ 24 hours, the aqueous supernatant was decanted, filtered through a 0.200-μm nylon membrane to remove mineral particles and stored in the dark at 4 ∘ C until further analysis. The mineral fraction was air-dried to remove excess water and then stored in the dark at 4 ∘ C until further analysis. Adsorption experiments were performed in triplicate.
The desorption of SOM from haematite was carried out at 35 ∘ C as described by Gu et al. (1994) . After the adsorption period, 12 ml of the supernatant was pipetted out of the glass vials and replaced with the same volume of ultrapure water at the same ionic strength and pH conditions. After ∼ 24 hours of shaking and incubation, the supernatant was removed and filtered through a 0.200-μm nylon membrane to remove mineral particles. Le Chatelier's principle (Equation (1)) suggests that desorption occurs at higher temperatures; therefore, our desorption experiments focused on the highest sorption temperature first. A statistically insignificant (P > 0.57) Student's t-test between the adsorption and desorption values at 35 ∘ C suggests that desorption at cooler temperatures would also be insignificant, because desorption is less favourable at lower temperatures. Desorption experiments were also performed in triplicate.
Total organic carbon analysis
The adsorption and desorption of SOM to and from haematite was determined through total organic C analysis (TOC) of the supernatant solutions. The filtered aqueous supernatants were measured on a Shimadzu TOCV instrument for organic C content. The instrument has a detection limit of 4 μg l −1 and a maximum coefficient of variation of 1.5%. The mass of adsorbed SOM was calculated by subtracting the final equilibrium concentration of the samples (C e ) from the controls and multiplying by the volume. Mass loss from desorption was also determined using TOC. The final mass of sorbed SOM was calculated by subtracting the mass loss during desorption from the initial adsorbed mass. The supernatant solutions were stored overnight in the dark at 4 ∘ C and allowed to warm to room temperature prior to measurement.
UV-vis spectroscopy
Ultraviolet and visible (UV-vis) absorption spectra of the aqueous supernatants were recorded on an Agilent 8453 UV-Visible Spectrophotometer (Waldbronn, Germany) using 1-cm quartz cuvettes. The absorbance spectra for the filtered haematite controls were subtracted from the samples to account for residual mineral particle contribution. The absorbance of a given sample at 254 nm was standardized by the TOC (mg l −1 ) of the sample to obtain the specific UV-absorption (SUVA 254) value. Two random samples near Q max conditions for each temperature condition for both SOM fractions were measured three times.
Infrared spectroscopic analysis
The characterization of the adsorbed and supernatant SOM was carried out using infrared spectroscopy. Two random samples near Q max conditions were selected for attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) analysis. A PerkinElmer Spectrum One FTIR spectrometer (Waltham, MA, USA), equipped with a lithium tantalate (LiTaO 3 ) detector and a one-reflection horizontal ATR accessory with a diamond-ZnSe crystal (PerkinElmer, Shelton, CT, USA), was used to record all ATR-FTIR spectra. Data collection and spectral calculations were performed using the Spectrum software (PerkinElmer). A spectrum was obtained by recording 250 scans with a spectral resolution of 4 cm −1 between 650 and 4000 cm −1 at a scan speed of 1.0 cm s −1 . Atmospheric background and haematite spectra were subtracted from the samples. Spectra reported were baseline adjusted by the software. The reported absorbance intensities were standardized to the C concentration of the samples.
Hydrophobic model compound adsorption
In this experiment, Rose Bengal dye (RB) was used to investigate the role of temperature in hydrophobic effects. The adsorption of RB was measured at the same temperatures, solution chemistry and solid-to-liquid ratio as described above. The hydrophobicity experiments were carried out in a similar way to that described previously by Xiao & Wiesner (2012) . After warming or cooling the solutions to the desired temperature, the stocks and suspensions were mixed to obtain a final concentration of 2 g l −1 haematite and 20 mg l −1 RB. After 3 hours, the samples were centrifuged, and the supernatants were collected. The absorbance recorded at the wavelength of = 549 nm was used to determine the concentration of RB. The relative hydrophobic interactions with haematite were estimated as the sorption capacity at each temperature. The RB adsorption experiments were performed in triplicate.
Particle-size analysis
A particle-size study of the < 0.2 μm fraction was carried out to determine if the warming or cooling of the haematite prior to the introduction of SOM affected sorption capacity through particle aggregation or disaggregation. Although the particle-size study represented only the < 0.200-μm fraction of haematite, this fraction provided a good representation of the behaviour of bulk haematite, because smaller particles contribute more to the overall surface area-to-volume ratio than larger particles. Ultrapure water and the haematite solutions were added to amber glass vials, adjusted for the same ionic strength and pH conditions as in the adsorption experiments and incubated for ∼ 24 hours. Particles larger than 0.200 μm were filtered out prior to incubation to prevent settling during measurements and to improve the scattering signal. The samples were pipetted into a polycarbonate disposable 1-cm cuvette and hydrodynamic diameter was measured with a Malvern Zetasizer NS (Malvern Instruments, Malvern, UK).
Plotting, calculations and statistical analysis
Statistical analyses and plotting of data were performed with Origin (Version 9.3, OriginLab, Northampton, MA, USA). The sorption isotherms were plotted as adsorbed C against C e . To determine the appropriate sorption model and to calculate the sorption parameters, the sorption data were fitted to the linear forms of the Langmuir (Lineweaver-Burk lineation) and Freundlich models. Linear regressions were performed on the scatter of data points, and the model with the largest overall R 2 was used to describe the isotherm. From the regressions, the estimated slopes and y-intercepts, together with their standard errors (e.g. slope and slope ± standard error), were used to derive three values of K and Q max . The plots of K and Q max represent the average value accompanied by standard error bars.
The derivation of thermodynamic parameters from isotherm fitting requires K to be dimensionless. The conversion of K from litre g −1 to its dimensionless form followed the procedure of Zhou & Zhou (2014) . The derived K values were multiplied by the molecular weight of the SOM and by a constant of 55.5. The average molecular weights of soil HA (18.3 kDa) and FA (10.8 kDa) reported by Perminova et al. (2003) were used in our calculations. The dimensionless K values were then used to derive the thermodynamic parameters of sorption. The change in Gibbs free energy (ΔG ∘ ) of adsorption was calculated as follows:
in which R is the ideal gas constant 8.314 J mol −1 K −1 , T is temperature in Kelvin and K is the sorption coefficient. The ΔH ∘ and ΔS ∘ were derived using Equation (2). The regression parameters from the van't Hoff plot, together with their standard errors, were used, as described above, to calculate the average values of ΔH ∘ and ΔS ∘ and their subsequent standard deviations.
Comparison of datasets (e.g. adsorbed C between different temperatures) was carried out using the Student's t-test with the assumptions that the data had a normal distribution, the sample size was adequate and there was equal variance between datasets. The P-value was obtained from a two-tail calculation at a 95% confidence interval.
Results and discussion
Temperature-dependent binding affinity and temperature-independent sorption capacity
The adsorption of HA and FA to haematite was fitted to the linear forms of the Langmuir (Lineweaver-Burk lineation) and Freundlich models (Table S1 , Figure S1 , Supporting Information). The isotherms were described best by the Langmuir model (dashed lines in Figure 1 ), based on the regression results. The model parameters K and Q max and the derived thermodynamic parameters ΔG ∘ , ΔH ∘ and ΔS ∘ are listed in Table 2 . The adsorption isotherms for HA and FA at all temperatures showed an initial steep slope followed by a plateau at larger equilibrium concentrations, suggesting high-affinity interactions between the substrates. This is consistent with the behaviour of the adsorption of humic substances on to oxide substrates (Parfitt et al., 1977; Gu et al., 1994 Gu et al., , 1995 . The K and Q max parameters were larger for HA than FA at most temperatures. Our results are consistent with Ko et al. (2005) , who examined the adsorption of soil HA and FA on to haematite as a function of pH and size fraction. The SOM fractions with greater aromaticity (e.g. HA) have been suggested to be more hydrophobic and their acidic functional groups might have greater complexation with mineral surfaces (McKnight et al., 1992; Zachara et al., 1994) ; therefore we expected more adsorption of HA than FA. The desorption of HA and FA from haematite ( Figure S2 , Supporting Information) at 35 ∘ C was minimal and not significantly different (Student's t-test, P ≥ 0.573). Our desorption results were consistent with those of Gu et al. (1994 Gu et al. ( , 1995 , who reported a strong hysteretic adsorption-desorption of bulk and fractionated NOM.
The derived thermodynamic parameters for both systems suggest that the adsorption of HA and FA to haematite was a spontaneous and exothermic process ( Table 2 ). The ΔG ∘ values for HA and FA were similar and ranged from ∼ −27 to −31 kJ mol −1 . Our ΔG ∘ values were consistent with those of Gu et al. (1994) , who reported ΔG ∘ values of ∼ −35 kJ mol −1 for the adsorption of bulk aquatic natural organic matter and aquatic FA to haematite. We expected differences in the absolute values based on the different sources and fractions of organic matter used in the studies. Gu et al. (1994) also showed that the ΔG ∘ derived from K accorded well with those measured by microcalorimetry, with a difference of ∼ 10 kJ mol −1 between the two methods. It is important to note that in their study, Gu et al. (1994) used K with units of l g −1 to derive ΔG ∘ . We recalculated ΔG ∘ for their sorption system using the conversion method described by Zhou & Zhou (2014) , assuming an average molecular weight of 2.19 and 2.31 kDa for bulk aquatic natural organic matter and aquatic fulvic acid, respectively (Perminova et al., 2003) (Table S2 ). When recalculated, the K-derived ΔG ∘ differed from the microcalorimetry-measured ΔG ∘ by ≤ 1 kJ mol −1 . The consistency between the two methods of obtaining thermodynamic parameters demonstrated by Gu et al. (1994) suggests that our K-derived thermodynamic parameters are appropriate estimates.
The enthalpy and entropy of adsorption were derived from the slope of the van't Hoff plot ( Figure S3 , Supporting Information). The negative ΔH ∘ confirms our previous assumption that the adsorption of SOM to haematite is exothermic. The ΔH ∘ of HA is slightly larger than that of FA, which suggests the former process may be more exothermic than the latter ( Table 2 ). The ΔS ∘ values for HA and FA are both negative, which is consistent with increasing order of the system through adsorption. Based on these thermodynamic parameters, HA and FA are expected to respond similarly to warming.
A plot of K against temperature shows that for both HA and FA, the sorption coefficient decreases as a function of temperature (Figure 2 ). For HA, the change in K decreases from −1.12 × 10 4 to −3.68 × 10 3∘ C −1 at higher temperatures, whereas for FA the slope decreases from −5.63 × 10 3 to −2.41 × 10 2∘ C −1 at higher temperatures (Table S3 , Supporting Information). This suggests that the formation of MOAs could become less temperature sensitive in warmer climates. The relation between K and temperature followed Le Chatelier's principle for an exothermic process, but Q max generally showed no changes with warming ( Figure 2 ). This trend is more prominent in the adsorption of FA than HA. Across all temperatures, Q max remained relatively constant at ∼ 3.25 mg C g −1 haematite for FA. From 15 to 30 ∘ C, Q max had a similar temperature-independent relation to that for HA, remaining relatively constant at ∼ 4.0 mg C g −1 haematite. The large sorption capacity at 35 ∘ C appeared to challenge this interpretation, but a Student's t-test of Q max values between 15 and 35 ∘ C (P = 0.189) and between 30 and 35 ∘ C (P = 0.239) revealed that the values were not significantly different. Because HA and FA are expected to respond similarly to warming, we would also expect Q max for HA to be temperature independent. The maximum sorption capacity is controlled by the available surface area of the mineral substrate. In our study, there was no temperature effect on particle size or aggregation ( Figure S4 , Supporting Information) to suggest changes in the available surface area; therefore, it is reasonable to suggest that Q max does not depend on temperature. The lack of response of Q max to warming was probably because of less extensive desorption of SOM. This supports the idea proposed by ten Hulscher & Cornelissen (1996) that for short equilibration times, low-affinity responses to warming cancel out the high-affinity responses.
Figure 1
The adsorption of humic and fulvic acids to haematite was measured at five temperatures and plotted as adsorbed C against equilibrium C concentration (C e ). The sorption isotherms were best described by the Langmuir adsorption model (n = 3).
Preferential sorption of SOM was not temperature dependent
Infrared spectroscopy provides a way to assess directly the composition of MOAs by measuring the characteristic stretching and bending of covalent bonds in the organic matter-mineral surface. From the comparison of ATR-FTIR spectra of pure Elliot soil HA and FA to the haematite-associated counterparts, we assessed the selectivity of MOAs for certain types of organic structures (Figure 3) . A thorough discussion on the spectra of natural organic matter-bound iron oxide has been described previously (Gu et al., 1994 (Gu et al., , 1995 Adhikari & Yang 2015; Qin et al., 2015) ; therefore, we focus here on the relative changes in peak intensities and shifts as a function of temperature. The major absorbance bands in the HA and FA standards include 3040 and 3070 cm Table 2 The Langmuir model parameters for the adsorption of soil humic and fulvic acids to haematite derived from the slopes and intercepts of the Lineweaver-Burk linearization of the Langmuir equation. The conversion of K to a dimensionless form followed Zhou & Zhou (2014) . The dimensionless K was used to derive the thermodynamic parameters through the Gibbs free energy equation and the van't Hoff plot. Values in parentheses are one standard deviation from the mean (n = 3). Sorption coefficient (K), maximum sorption capacity (Q max ), the change in Gibbs free energy (ΔG ∘ ), the change in enthalpy (ΔH ∘ ) and the change in entropy (ΔS ∘ ). 2015). From the spectra of the mineral-bound SOM, we observed only four primary peaks identified in the standards: 1620 (aromatic), 2040 (aromatic), 2930 (aliphatic) and 3030 cm −1 (aromatic), which might suggest the preferential adsorption of aliphatic and aromatic C relative to the carboxylic, ketonic and phenolic C found in the standards. The standardized peak intensities at 15, 25 and 35 ∘ C for both adsorbed HA and FA suggest that temperature does not affect the preferential adsorption of these C moieties. The ATR-FTIR spectra for the supernatant SOM further support this observation. Two major peaks were observed in the supernatant spectra: 1420 cm −1 (symmetrical stretching of COO-, OH deformation, C only O stretching of phenolic groups and C only H bending in alkanes) and 1620 cm −1 (aromatic C=C vibration, C=O stretching of H-bond quinones) ( Figure S5 , Supporting Information). For both peaks, there was an observable decrease in absorbance intensity with adsorption, suggesting a loss of the aromatic and aliphatic fractions to adsorption, but no trend in absorbance with temperature. The preferential adsorption of aliphatic and aromatic C relative to saccharidic or pepitidic C was consistent with previous studies by Gu et al. (1994 Gu et al. ( , 1995 , Qin et al. (2015) and Adhikari & Yang (2015) . In addition to electrostatic forces, ligand exchange (complexation) and hydrophobic interactions are primary mechanisms of SOM-iron oxide sorption (Gu et al., 1994; Lutzow et al., 2006) . The shift from 1610 cm −1 in the unbound and supernatant SOM to 1620 cm −1 in the bound SOM possibly indicates complexation between COO-of SOM and haematite (Gu et al., 1994 (Gu et al., , 1995 Qin et al., 2015) . In addition, the role of ligand exchange as the primary mechanism for sorption is supported by the large values of ΔH ∘ for HA and FA. Gu et al. (1994) reported enthalpy values that were more negative than −20 kJ mol −1 for ligand exchange reactions. We did not observe a significant change in the peak intensities associated with ligand exchange reactions to suggest a change in the degree of complexation between SOM and haematite with warming.
The SUVA 254 of the supernatant SOM, often used to describe the nature of natural organic matter, was calculated to compliment the ATR-FTIR spectra. The SUVA 254 is a measure of aromaticity and larger values indicate that more aromatic C is present in the solution. A decrease in SUVA 254 was observed for HA and FA as a result of adsorption, suggesting that aromatic C adsorbs preferentially to haematite (Figure 4) . A comparison of SUVA 254 at experimental temperatures showed no trend with the loss of aromatic C as a function of warming, which was consistent with our ATR-FTIR results. The SUVA 254 is also a measure of hydrophobicity, in which values > 4 might indicate the presence of mostly hydrophobic material, whereas < 3 might indicate the presence of mostly hydrophilic material (Edzwald & Tobiason, 1999) . The SUVA 254 for HA decreased from ∼ 6 to ∼ 3.5, suggesting some loss of hydrophobic material. The SUVA for FA decreased from ∼ 4 to ∼ 2.5, suggesting that only the hydrophilic fraction remained after adsorption.
Temperature-dependent hydrophobic interactions
Hydrophobic interactions are a proposed mechanism for the adsorption of SOM on to haematite (Gu et al., 1994) that are not expected to change with warming (ten Hulscher & Cornelissen, 1996) . From our SUVA 254 results, we observed that the hydrophobic fraction of SOM decreased with adsorption; however, the adsorption mechanism cannot be inferred from SUVA. To probe the effects of warming on hydrophobic interactions with haematite, we chose Rose Bengal as a model compound to represent potential hydrophobic fractions of SOM. Our results suggest that, in the case of RB, hydrophobic interactions with haematite can increase with warming ( Figure 5 ). This relation is consistent with that of Nam et al. (2014) , who reported an increase in adsorption of hydrophobic compounds at higher temperatures, but is not consistent with studies using soil and sediments. Kaiser et al. (2001) reported the sorption affinity of hydrophobic dissolved organic C to be weakly temperature dependent with a tendency to decrease with warming accompanied by an increase in desorption at higher temperatures. A similar trend with the sorption coefficient of polycyclic aromatic hydrocarbons on to aquifer sediments was observed by Piatt et al. (1996) . Soil and sediments comprise a range of minerals that might have different hydrophobic responses to warming that can contribute to net sorption. The adsorption of RB is merely a starting point in testing if hydrophobic interactions can be temperature dependent. Our results here suggest that individual minerals can have opposite trends from those of bulk soil and sediments that warrant further investigation.
Conclusions
This study has shown that the formation of MOAs might be less sensitive to climate warming than previously predicted. Specifically, our results suggest that the size of the 'rusty carbon sink' might remain unaffected with warming. We speculate that the role of hydrophobic interactions in a warming climate might be underestimated and thus warrant further examination. The formation of MOAs is only one aspect in understanding the overall response of soil C to a changing climate. The focus of future studies should be on the biological and thermal stability of MOAs formed at different temperatures, which ultimately determines the residence time of soil C.
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